We have carried out photodissociation spectroscopy studies of Ca ϩ (H 2 CO 
I. INTRODUCTION
Metal ion-hydrocarbon interactions lie at the core of many industrial processes and have been well studied over many years. [1] [2] [3] [4] [5] [6] One effective method for probing metal ionhydrocarbon chemical interactions involves photodissociation spectroscopy of a weakly bound bimolecular precursor complex. [7] [8] [9] [10] [11] [12] Bimolecular complexes of light metal ions with small hydrocarbons are useful model systems for developing a fuller understanding of the general electronic structure requirements, steric effects, and molecular-orbital interactions that control the specific activation of C-H and C-C bonds in catalysis, organometallic chemistry, biochemistry, and chemical processing. Photodissociation spectroscopy has been widely used to investigate the interactions of both main group and transition-metal ions with a variety of molecular ligands. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Spectroscopy can yield quantitative information about the structure and binding in the complex, and provide a useful test of ab initio electronic structure methods and insight into the bonding interactions. In addition, photodissociation spectroscopy of a weakly bound complex mimics a bimolecular ''half collision'' and can help to establish the dynamical pathways for reaction and energy transfer in metal ion-hydrocarbon collisions. 12 We have used photodissociation spectroscopy to investigate a series of bimolecular complexes of light metal ions such as Mg ϩ (3s), Ca ϩ (4s), and Zn ϩ (3d 10 4s) with methane 7 and ethene, 8 as simple prototypes for probing metal ion-alkane and -alkene chemical interactions. One of the surprising findings from these studies is that, despite similar electronic valence character, the metal ions show dramatically different interactions with alkane and alkene hydrocarbons as evidenced in the spectroscopy and quenching dynamics of the clusters. Generally, Ca ϩ is found to be less reactive and more weakly interacting in both ground and excited states than either Mg ϩ or Zn ϩ . For example, in M ϩ (CH 4 ) clusters, excited Mg ϩ (3p) and Zn ϩ (3d 10 4p) react efficiently through a nonadiabatic C-H bond insertion reaction, leading predominantly to the M CH 3 ϩ product. In contrast, Ca ϩ (4p) is long-lived and weakly interacting, quenching inefficiently through energy transfer ͓probably to the lower Ca ϩ (3d) state͔. 7 In analogous studies of M ϩ (C 2 H 4 ) clusters, the lowest excited Mg ϩ (3p) and Zn ϩ (3d 10 4 p) states of 2 B 2 symmetry are rapidly quenched through a nonadiabatic CvC bond stretch insertion process facilitated by efficient back donation of metal ion p electron density into the *-antibonding LUMO ͑lowest unoccupied molecular orbital͒ of ethene. 8 The process can be described as the ''half collision'' analog of E-V energy-transfer quenching. In contrast, for Ca ϩ -ethene our results show that Ca ϩ ͓4 p( 2 B 2 )͔ is weakly interacting, quenching is inefficient, and the complex is long-lived. 8 Observed differences in interactions of Mg ϩ , Ca ϩ , and Zn ϩ with alkane and alkene hydrocarbons are probably due to a combination of energetic effects ͑including relative orbital and ionization energies͒, size effects (Ca ϩ is significantly larger than either Mg ϩ or Zn ϩ ), and the presence of low-lying 3d-based molecular excited states in Ca ϩ . Recently we have extended our studies to bimolecular complexes of Mg ϩ and Zn ϩ with formaldehyde and acetaldehyde as prototype systems to explore metal ion-carbonyl chemical interactions. [9] [10] [11] The spectroscopy and photochemistry of transition-metal carbonyl compounds have been well studied over many years. 6 However, there have been relatively few spectroscopic investigations of main group metal ion-carbonyl complexes. The Duncan research group has used photodissociation spectroscopy to probe both Mg ϩ and Ca ϩ complexes with CO 2 . 15, 17 They find that the M ϩ (CO 2 ) clusters are bound in a linear geometry by charge-quadrupole electrostatic interactions. In each case the spectra show prominent vibrational progressions with spin-orbit doubling in the 2 ⌸ excited states. Very recently, Farantos et al. have published a combined experimental spectroscopic and theoretical ab initio study of Sr ϩ (CO) complexes. 25 They find evidence that the complex exists as a bistable species with Sr bonded to either the C or the O atom, in a collinear groundstate geometry. Their work shows that the intermolecular stretch frequencies for both species are similar, ϳ180-220 cm
Ϫ1
. These results have some similarities to our prior work on Mg ϩ (H 2 CO). 9 In particular, Farantos et al. find spectroscopic evidence for significant activity in the intermolecular bending mode on excitation to the 2 2 ⌸ state of Sr ϩ -OC. 25 Our previous work has shown that M ϩ -aldehyde complexes are relatively strongly bound by charge-dipole forces in end-on M ϩ -OvC geometry, 9,10 and we have found that they exhibit a distinct spectral character that is quite different from the metal ion-CO 2 clusters. 15, 17 In Mg ϩ (H 2 CO) the spectrum exhibits resolved resonance structure that includes partially resolved K-subband rotational structure. 9 Spectroscopic analysis allows a quantitative determination of metal ion-aldehyde bonding interactions, and offers a valuable test of ab initio electronic structure calculations and insight into the dissociative quenching mechanisms.
Here we report on spectroscopic studies of the analogous Ca ϩ -formaldehyde complex. We find both similarities and some significant intriguing differences in the spectroscopy of Mg ϩ -and Ca ϩ -formaldehyde. In particular, our results show that Ca ϩ -formaldehyde exhibits a simpler vibronic spectrum in the low-lying excited molecular states that arise from both the Ca ϩ 4p and 3d levels. In several of these bands, we observe partially resolved rotational structure that helps facilitate the band assignments and gives information about the changes in molecular structure and bonding character in the ground and excited states of the complex. The relatively lesser degree of vibrational excitation and more pronounced rotational structure observed in Ca ϩ (H 2 CO) suggest a longer lived complex and much weaker molecular-orbital interactions than found previously in Mg ϩ (H 2 CO).
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II. EXPERIMENTAL DETAILS
The experimental apparatus and its application to massselected cluster photodissociation spectroscopy measurements have been previously described. 12 Carrier gas preparation and source conditions are similar to that described earlier for Mg ϩ (H 2 CO). 9 Ca ϩ (H 2 CO) complexes were produced in the supersonic molecular-beam expansion from a laser vaporization source. The seeded gas mix ϳ2% H 2 CO in Ar was used in a pulsed gas valve at a backing pressure of ϳ60 psi. The second harmonic of a pulsed Nd:YAG laser was focused onto the metal rod surface and timed to overlap the seeded gas pulse. The source mass spectrum was clean, showing strong peaks only for the cluster ion families Ca ϩ (H 2 CO) n and CaAr n ϩ . Downstream from the source ion clusters were pulse extracted and accelerated into the flight tube of an angular reflection time-of-flight mass spectrometer. The mass selected Ca ϩ (H 2 CO) parent cluster was probed by photodissociation spectroscopy in the reflectron region of the time-of-flight apparatus. The probe laser was an injection-seeded Nd:YAG laser pumped tunable OPO ͑op-tical parametric oscillator͒ ͑Spectra-Physics/Quanta-Ray PRO-250/MOPO SL͒ coupled with a Quanta Ray WEX system for frequency doubling and mixing. The OPO bandwidth is Ͻ0.2 cm
Ϫ1
. Parents and daughter photofragment ions were reaccelerated from the reflectron to an off-axis microchannel plate detector in a typical tandem time-of-flight arrangement. Two digital oscilloscopes, a multichannel scaler, and a set of gated integrators were used to monitor the mass spectrum, and were interfaced to a laboratory personal computer to record the data for further analysis. The photodissociation action spectrum was determined by normalizing the daughter signal with respect to the parent ion signal and laser power while scanning the laser wavelength. Results from a series of laser power dependence tests were consistent with a one-photon excitation process. However, because of possible saturation effects for the bound-bound transitions we cannot entirely rule out multiphoton dissociation effects in these experiments. We estimate the total dissociation yield as Ͻ10%.
III. ELECTRONIC STRUCTURE CALCULATIONS
We have carried out ab initio electronic structure calculations of Ca ϩ -formaldehyde on the GAUSSIAN 98 platform. 26 27 This is consistent with the usual 90% scaling rule for the vibrational frequencies from an HF-level calculation. While this rule seems to hold for the higher frequency intramolecular formaldehyde vibrational modes, our work suggests that no such correction is usually necessary for the low-frequency intermolecular modes, which are often well predicted at the HF level. 8, 9 As found previously in Mg ϩ (H 2 CO), correlation effects weaken the bonding interaction. 9 Correlations increase the size of the interacting orbitals and lead to a greater degree of steric repulsion. Geometry optimization at the MP2/6-311 ϩϩg(3d f ,3pd) level shows a weaker intermolecular bond with R(Ca-O)ϭ2. 30 We have also carried out CIS ͑configuration interaction with single excitations͒ calculations of the low-lying doublet excited states of the complex. Calculations of atomic Ca ϩ using the 6-311ϩϩg(3d f ,3pd) basis set give an asymptotic 3d←4s excitation energy of 2.20 eV, that compares poorly with the experimental value of 1.69 eV. 28 Results for the 4 p←4s transition are somewhat better, with a calculated excitation energy of 2.83 eV, which is smaller than the experimental value of 3.12 eV. 28 These errors are expected owing to the neglect of important correlation effects at the CIS level. Despite these limitations, the calculations provide a useful baseline for comparison with the experimental data.
CIS calculations on Ca ϩ -formaldehyde find at least nine excited states in the visible and near-UV spectral regions, resulting from both metal centered Ca ϩ (3d and 4p←4s) and formaldehyde-based *←n excitations. Molecularorbital analysis shows appreciable 3d-4p orbital mixing in the Ca ϩ -based transitions. While the degree of mixing is probably not quantitatively correct at the CIS level due to correlation errors, the qualitative effect of the 3d-4p orbital mixing is to significantly enhance the oscillator strengths for the 3d←4s based molecular bands.
The lowest lying excited state, 1 2 B 1 , is Ca ϩ (3d xz ) based, mixed with Ca ϩ (4p x ) character. ͑The coordinate system is defined with the complex lying in the yz plane and the z axis along the Ca-O bond.͒ The calculated vertical excitation energy from the ground state is 2.17 eV ͑ϳ572 nm͒. This value has not been adjusted for the asymptotic energy shift noted above; the molecular state is an admixture of dand p-state character and it is not obvious how to apply the correction. As a result the theoretical excitation energy has a large uncertainty. However, we find that the uncorrected transition energies are in reasonably good agreement with the experimental band positions ͑vide infra͒, probably owing to a fortuitous cancellation of errors. ͑Since the d-and p-state asymptotic corrections are of opposite sign, it is possible that their effects may partially cancel.͒ Geometry optimization for 1 2 B 1 at the CIS/6-311ϩ . Geometry optimization shows that the complex retains C 2v symmetry with only a slight decrease in the Ca-O intermolecular bond ͑Table I͒. However, our experimental results actually suggest a bent Ca-O-C geometry for this excited state, in disagreement with the CIS-level predictions ͑vide infra͒. The third excited state, 2 2 A 1 , is primarily Ca ϩ (3d z 2 ) based, mixed with Ca ϩ (4p z )-orbital character. Geometry optimization finds a structure that is very close to the C 2v ground-state equilibrium geometry ͑Table I͒.
The fourth and fifth excited states, 3 2 A 1 and 1 2 A 2 , are predominantly Ca ϩ -based 3d x 2 Ϫy 2 and 3d xy states, respectively. Calculated vertical excitation energies are similar at 2.30 eV ͑ϳ539 nm͒. Molecular-orbital occupation analysis does not find any significant mixing with the Ca ϩ 4p orbitals for these states, as expected from symmetry. (3d xy is A 2 and cannot mix with any of the 4p orbitals in C 2v point-group symmetry. 3d x 2 Ϫy 2 seemingly could mix with 4p z since both are A 1 . However, mixing of the atomic Ca ϩ orbitals in the complex results primarily from interaction with the dipole electric field of formaldehyde. In C 2v geometry, the dominant charge-dipole interaction has axial symmetry, and does not couple states with different azimuthal quantum numbers m.͒ Consequently, calculated oscillator strengths are near zero and the corresponding absorption bands are probably too weak to be observed. Table I .
The eighth excited state in the CIS calculations, 2 2 A 2 , is mainly formaldehyde-based * in character. The corresponding excitation is *←n-like, from a nonbonding oxygen-centered orbital to the * antibonding orbital on the CvO bond. The calculated vertical excitation energy for the complex is 4.52 eV ͑ϳ274 nm͒. This is slightly redshifted from the calculated transition energy for the *←n band in isolated H 2 CO ͑4.75 eV͒. The formaldehyde *←n absorption bands have been the subject of a large number of investigations. 29 The band is weak and broad, extending from an origin at 28 188 cm Ϫ1 up to ϳ43 500 cm Ϫ1 , and shows a dense and complicated vibrational structure.
The ninth excited state in the CIS calculations, 4 2 A 1 , is primarily Ca ϩ (4p z ), mixed with some Ca ϩ (3d z 2 ) orbital character. CIS calculations indicate this state is significantly blueshifted from the Ca ϩ 4p←4s atomic resonance with a predicted vertical excitation energy of 4.63 eV ͑ϳ268 nm͒. A scan of the corresponding potential-energy curve suggests that the state is unbound, purely repulsive in the Ca-O coordinate. In contrast, in Mg ϩ -formaldehyde the analogous state appears as a bound state that shows formation of a partial Mg-O bond.
IV. RESULTS AND DISCUSSION
A. Band assignment
We have investigated the photodissociation absorption spectrum of Ca ϩ -formaldehyde over the spectral range from 1224 to 260 nm ͑8170-38 460 cm Ϫ1 ͒. There is no signal observed from 1224 to 670 nm. From 15 000 to 36 000 cm
Ϫ1
we observe at least seven absorption bands ͑Fig. 1͒. The lowest five of these show significant vibrational structure with partially resolved rotational substructure. The two highest energy bands show little resolvable structure. Band assignments, shown in Fig. 1 , are based in part on ab initio predictions and by comparison with previous work on Mg ϩ -formaldehyde. Ca ϩ is the only dissociation product observed over most of the spectrum. We observe a very small reactive branching to CaH ϩ ϩHCO product channels only in the highest energy band near 35 000 cm Ϫ1 . There is a congested region with several overlapping vibrational progressions, starting from an origin near 15 700 cm Ϫ1 and extending to around 18 000 cm Ϫ1 . An expanded view of this region is shown in Fig. 2 The two highest energy bands that we observe ͑centered near 24 500 and near 34 800 cm
, respectively͒ are essentially unstructured continuum bands, although the lower of these does show some broad undulations that indicate unresolved vibrational structure. These bands are probably associated with the formaldehyde centered *←n ͓2 2 A 2 ( 2 AЉ) ←1 2 A 1 ͔ and Ca ϩ centered 4p z ←4s (4 2 A 1 ←1 2 A 1 ) transitions, respectively. However, the observed band positions are not in good agreement with the expected position for either of these transitions. This, coupled with the lack of any resolvable structure, makes the assignment for the two highest energy bands ambiguous. Little quantitative structural information can be gleaned from these bands in any case. We will not discuss these bands further. The absorption spectrum in Fig. 2 shows an obvious six-membered progression built on an origin at ϳ15 700 cm
. Each member of the progression shows a characteristic triplet pattern that results from partially resolved rotational structure. The band is assigned as Fig. 3 . The upper trace shows an experimental scan of the origin band near 15 700 cm Ϫ1 while the lower trace shows the result of the simulation. In the triplet of peaks, the center peak essentially corresponds to the KЈϭ1←KЉϭ0 transition, while the lower and higher energy peaks can be identified with the KЈϭ0 ←KЉϭ1 and KЈϭ2←KЉϭ1 transitions, respectively. The rotational simulation assumes an ortho:para ratio of 1:3, and gives an estimated rotational temperature of Tϭ15 K. The best-fit linewidth is 1 cm Ϫ1 , which is substantially larger than the bandwidth of the laser ͑ϳ0.2 cm Ϫ1 ͒. This broadening may be due to a combination of lifetime and power broadening effects, although we used the lowest laser powers consistent with an acceptable signal-to-noise ratio for the experimental scan. Because the rotational structure is not fully resolved, there is a range of values for the rotational constants that give a reasonable fit to the data. The best-fit values are shown in the second column of Table II with an uncertainty estimated at ϳϮ2%. The six rotational constants do not give enough information to allow a firm determination of the equilibrium structure in either the ground or excited states. However, the large values for the A constants, and the small difference (AЉϪAЈ), can only arise from a linear or very near linear backbone of heavy atoms in each state. Based on the A-axis rotational constants we estimate (Ca-O-C)Ͼ175°in both ground and excited states, consistent with the predicted C 2v geometry. Rotational analysis also establishes the true origin for the 1 2 B 1 ←1 2 A 1 band at 0 0 0 ϭ15 685.6 cm Ϫ1 . Resonances with a similar triplet structure form an obvious vibrational progression built on this origin with a mode spacing of ϳ220 cm Ϫ1 . The vibrational resonance peak po- . These are tentatively assigned to the 3 intermolecular stretch (a 1 ) vibrational progression in a 1 2 B 2 ( 2 AЈ)←1 2 A 1 band. The assigned 0 0 0 origin peak at 15 780 cm Ϫ1 appears as a weak doublet structure in Fig. 2 . However, a wavelength scan at higher resolution ͑shown in Fig. 4͒ reveals a triplet that arises from partially resolved K-subband structure, corresponding to KЈϭ0←KЉϭ1 and nearly degenerate KЈϭ1 ←KЉϭ0 and KЈϭ2←KЉϭ1 transitions, in a perpendiculartype band. This distinct rotational substructure shows that the feature is most likely associated with excitation to a different electronic state, one with a significantly different A-axis rotational constant. We were able to simulate the rotational structure by fixing the temperature, linewidth, ortho:para ratio, and ground-state rotational constants to the values obtained in the previous section and adjusting only the upper state rotational constants (AЈ,BЈϭCЈ). Again, the rotational structure is not fully resolved giving significant uncertainty in the rotational constants. The best-fit values are given in Table II with an uncertainty ϳϮ 2%. While these rotational constants are not sufficient to fix the complex geometry, it is clear that the large change in A-axis rotational constant implies a large change in geometry on excitation. The A constant is very sensitive to the Ca-O-C bond angle and these results strongly suggest a bent Ca-O-C excited-state structure for 1 2 B 2 . Assuming the difference in A constants is due entirely to a change in this bond angle, we estimate the Ca-O-C angle to be ͑Ca-O-C͒ϭ151°Ϯ1°in geometry. The rotational analysis establishes the true origin to be 0 0 0 ϭ15 778.7 cm Ϫ1 for 1 2 B 2 ( 2 AЈ) ͑Fig. 4͒. This spectroscopic result is in disagreement with the CIS model predictions that indicate that 1 2 B 2 should retain C 2v geometry. However, a bent Ca-O-C structure in this state is not surprising. Bending is to be expected to limit steric repulsion between the in-plane Ca ϩ 3d yz orbital and the occupied in-plane n orbitals centered on the O atom. The degree of molecular orbital interaction will also depend on the extent of admixture with the more extended Ca ϩ 4p y orbital in this state. Below we will see that the 4p y 2 2 B 2 ( 2 AЈ) excited state the complex also has a bent geometry with a slightly larger bending angle.
The fit for the rotational line shape is reasonable which supports the proposed spectral assignment. However, we caution that assignment of this transition to the 1 2 B 2 ( 2 AЈ) state origin should be considered tentative. There are a number of concerns regarding this assignment. The distinct rotational structures observed in the lowest two energy bands fix the transitions as perpendicular bands, so the upper states for these bands must be B 1 and B 2 . However, because ab initio calculations predict very similar geometries and energies for the expected 1 2 B 1 and 1 2 B 2 states, there is no definitive evidence to prove the relative ordering and assignment of the two lowest energy bands. Our assignment is based on experience. We assume the 2 B 2 state is the more likely to be bent due to molecular-orbital interactions, as found both in Mg ϩ (H 2 CO) and in the higher lying 2 2 B 2 state of Ca ϩ (H 2 CO). In addition, assignment of the higher energy features at ϳ16 010 and ϳ16 230 cm Ϫ1 in 1 2 B 2 ←1 2 A 1 is not so obvious. These are tentatively assigned to the 3 0 n progression in the 3 -Ca-O stretch mode (a 1 ) of 1 2 B 2 ( 2 AЈ). However, unlike the origin peak that shows a nearly doublet structure, these two higher energy features appear as weak triplets. This more complicated structure might result from an accidental overlap with higher vibrational resonances of the 1 2 B 1 band. Such overlap makes the determination of the absolute line positions difficult, and the values given in Table  III are approximate. We did not attempt a Birge-Sponer analysis owing to the uncertainties in the line positions and the short progression. Averaging over the spacings among the three peaks gives an estimated value of 3 Јϳ229 cm
for the intermolecular stretch in 1 2 B 2 ( 2 AЈ). Another concern lies in the fact that we do not see an obvious bending progression, as we should expect for a transition involving a large change in the Ca-O-C bond angle. It is possible that weaker features in the spectrum may be associated with the expected bend. However, because of the overall weak signal of the 1 2 B 2 ( 2 AЈ)←1 2 A 1 band and the overlap with the 1 2 B 1 ←1 2 A 1 band, we are not able to give a definitive assignment to these features and more work will be needed to resolve these questions.
2 2 A 1 ]1 2 A 1 band
In Fig. 2 there is an obvious additional progression of ''singlet'' peaks built on an origin at 0 0 0 ϭ16 425.8 cm Ϫ1 , and with a spacing of ϳ230 cm Ϫ1 . This progression is assigned to the Ca-O intermolecular stretch mode in the 2 2 A 1
←1
2 A 1 band. The single peak structure in the resonances of this band is consistent with a ⌬Kϭ0 parallel transition as expected. However, because none of the substructure is resolvable in this case the rotational fitting does not yield any useful structural information.
Birge-Sponer analysis gives the fundamental frequency of D e Љ͑Ca-O͒ϭ1.19 eV. As noted, there are significant uncertainties associated with the spectroscopic analysis that are difficult to estimate. However, the ''average'' of the experimental values D e Љ͑Ca-O͒ϭ0.87Ϯ0.2 eV lies well below the ab initio result. In this context it is worth remembering that including correlation effects at the MP2 level gives a significant weakening of the intermolecular bond. It may be possible that a higher level theoretical calculation might yield an even lower bond energy.
2 2 B 1 ]1 2 A 1 band
The 2 2 B 1 ←1 2 A 1 band in the 18 000-22 100-cm Ϫ1 region is shown in Fig. 5 . The spectrum shows an obvious origin near 0 0 0 ϳ18 380 cm Ϫ1 , followed by several short vibrational progressions. A high-resolution scan of the origin peak is shown in the inset of Fig. 5 . The peak is quite broad, with a full width at half maximum of ϳ100 cm Ϫ1 , and shows several modulations with a separation of ϳ20 cm
Ϫ1
. The unusual breadth and shape of the peak is possibly due to a combination of lifetime broadening and unresolved rotational structure. However, we have been unable to fit this line shape using any reasonable combination of perpendicularand parallel-type transitions. It is possible that the origin band suffers from a vibronic coupling interaction through mixing with a high-frequency mode of one of the lowerlying electronic states. ͑For example, one quantum of symmetric C-H stretch in 1 2 B 1 should be near energy resonant with the 2 2 B 1 state origin.͒ At high energy there is an obvious two-member progression built on the origin, with a mode spacing of 7 Ј ϳ1740 cm Ϫ1 . This progression is assigned to the 7 C-O stretch mode of a 1 symmetry. This result agrees very well with the value in isolated H 2 CO of 1746 cm Ϫ1 . These features are also quite broad.
In addition, in the high-energy wing of the origin peak, there is a single weak feature at 18 620 cm Ϫ1 (ϭ0 0 0 ϩ240 cm Ϫ1 ), assigned to the 2 Ca-O-C out-of-plane bending mode (b 1 ), assuming vibronic coupling owing to an out-of-plane distortion of the complex. Interestingly, this peak is significantly sharper and appears as a ''single'' peak in the spectrum without obvious rotational substructure. This is reasonable since the combined electronic-vibrational species of this mode would be b 1 ϫb 1 ϭa 1 and we would expect a parallel-type rotational transition with ⌬Kϭ0. For this complex a ⌬Kϭ0 transition gives an unresolved singlet structure.
There is another two-membered progression built on the origin with an approximate mode spacing of ϳ370 cm Ϫ1 ͑peaks at 0 0 0 ϩ379 and 0 0 0 ϩ742 cm Ϫ1 ). These resonances show an obvious triplet substructure and are assigned to the first and second quanta of the 3 intermolecular Ca-O stretch progression (a 1 ). Again, these peaks appear narrower than the origin band and the triplet structure is expected for this vibronic mode with overall symmetry species (b 1 ϫa 1 ϭb 1 ), supporting a perpendicular-type transition with ⌬KϭϮ1.
The overall spectrum in this band is consistent with ab initio model predictions. Chemical interactions in this excited state are relatively strong, with a much stronger Ca-O bond and weaker C-O bond compared with those of the ground state. This leads to a vibronic spectrum with activity in the intramolecular C-O stretch and intermolecular Ca-O stretch modes, and with the intermolecular stretch frequency much higher than in the ground state. The bonding interaction results from coupling between the Ca 4p x and formaldehyde * orbitals in this symmetry. Good molecular-orbital overlap allows for donation of electron density from the Ca p orbital into *-antibonding LUMO of formaldehyde. This weakens the CvO bond and allows formation of a partial Ca-O bond. The change in geometrical structure is, however, relatively small with only a moderate stretch of the CvO bond and little additional distortion.
These results can be compared with the analogous 3p 1 2 B 1 ←3s 1 2 A 1 band in Mg ϩ -formaldehyde. 9 In that case the band spectrum shows a much more complicated and dense vibronic structure, with substantial excitation of the high-frequency CvO stretch and CH 2 out-of-plane wagging motions. Indeed we found evidence for excitation of up to nine quanta of CvO stretch with a total vibrational energy exceeding 10 000 cm Ϫ1 . Furthermore, the intramolecular vibrational frequencies are dramatically shifted from their ground-state values. Those results showed that excitation of Mg ϩ (H 2 CO) to the 3p 1 2 B 1 state leads to a major change in bond order and out-of-plane distortion of the complex. The molecular-orbital interaction is obviously much weaker in the Ca ϩ (H 2 CO) case. This is probably due to the larger and more diffuse nature of the Ca 4p orbitals ͑relative to the Mg 3 p orbitals͒ which lessens the overlap, and to a larger energy gap between the metal p-and formaldehyde *-orbital energies. Fig. 6 . There is an obvious origin peak near 22 310 cm
, followed by several short progressions. Each peak shows a characteristic doublet structure that arises from partially resolved rotational structure. For a 2 B 2 ← 2 A 1 transition in a prolate symmetric top molecule we expect a ⌬KϭϮ1 perpendicular-type transition. In the observed resonance doublet the lower energy peak corresponds essentially to the KЈϭ0←KЉϭ1 transition and the higher energy peak to the nearly degenerate KЈϭ1←KЉϭ0 and KЈϭ2←KЉϭ1 transitions.
A high-resolution scan of the origin band is shown in the upper trace of Fig. 7 with the rotational simulation shown below. Because the KЈϭ1←KЉϭ0 and KЈϭ2←KЉϭ1 transitions are not well separated, the best-fit rotational constants in Table II have relatively larger uncertainties, ϳϮ4%. Again, the fitting uses the same ground-state rotational constants, ortho-para ratio, and temperature. In this case the assumed linewidth is 2 cm Ϫ1 . Note that the large change in A-axis rotational constants is fully consistent with ab initio model predictions for 2 2 B 2 ( 2 AЈ) that show a large change in the Ca-O-C intermolecular bond angle. From the best-fit rotational constants, we can roughly estimate the Ca-O-C bond angle in to be (Ca-O-C)ϭ147Ϯ2°. The excited state is thus 2 AЈ in C s symmetry. The change in geometry is expected to limit steric repulsion between the extended Ca 4 p y orbital and the O lone pair electrons in the in-plane n orbital of formaldehyde. A similar result was found in the lower-lying 1 2 the change in geometry, the axis switching effect could introduce some ⌬Kϭ0 character into the transition. 30 However, as we found in Mg ϩ (H 2 CO), this effect appears to be small. 9 Rotational analysis also establishes the true origin of the 2 2 B 2 ( 2 AЈ)←1 2 A 1 band at 0 0 0 ϭ22 309.7 cm Ϫ1 . As seen in Fig. 6 , the vibrational structure in this band is somewhat unusual. Previously in both Mg ϩ -formaldehyde and Mg ϩ -acetaldehyde the analogous 3p 2 AЈ( 2 B 2 )←3s 2 A 1 absorption bands are dominated by a strong intermolecular bending mode progression, with a large anharmonicity and abrupt terminus. Here we find a similar situation. The first three strong resonance peaks form a short anharmonic progression that we assign to the 1 Ca-O-C in-plane bending vibration ͓b 2 (aЈ)͔. Excitation of this mode is expected from the geometry change. The fundamental frequency 1 Ј ϭ130 cm Ϫ1 is in very good agreement with the CIS predicted value for the in-plane bending mode of 140 cm Ϫ1 . The abrupt termination of this progression is somewhat unusual, but we have seen a qualitatively similar effect in both Mg ϩ (H 2 CO)-and Mg ϩ (CH 3 CHO). We suspect that it is indicative of a barrier in the angular coordinate to dissociation or isomerization.
This short bending progression is repeated twice, built on peaks at 0 0 0 ϩ316 cm Ϫ1 and 0 0 0 ϩ631 cm Ϫ1 . These series are assigned to combination bands with one and two quanta of the 3 peaks that are more difficult to understand. The first of these appears at ϳ22 653 (ϭ0 0 0 ϩ343 cm Ϫ1 ) and second at ϳ22 783 (ϭ0 0 0 ϩ343ϩ130 cm Ϫ1 ). They are separated in energy by 130 cm Ϫ1 , i.e., one quantum of the 1 in-plane bend.
The identification of the first peak is not so obvious. It is not likely to be related to either the 1 or 3 modes. Frequency calculations on the optimized geometry for this excited state show that all the intramolecular formaldehyde vibrational modes are much higher in energy ͑Ͼ1000 cm Ϫ1 ͒. The most reasonable choice is to assign the peak at 22 653 cm Ϫ1 to the second quantum of the 2 out-of-plane bending mode ͓b 1 (aЉ)͔, 2 0 2 . Excitation of one quantum would be symmetry forbidden ͑with a nominal electronic-vibration symmetry species of b 2 ϫb 1 ϭa 2 ). Excitation of the mode with two quanta with overall symmetry b 2 ϫb 1 ϫb 1 ϭb 2 would be allowed assuming vibronic coupling. ͑These arguments presume the bending angle is small enough that the C 2v symmetry restrictions approximately hold.͒ We would normally expect this transition to be very weak, but it may gain intensity by coupling to the nearly resonant 3 0 1 state of the same overall symmetry. This assignment gives the fundamental mode frequency for the 2 The 2 2 B 2 ( 2 AЈ)←1 2 A 1 band shows a prominent lowfrequency vibrational progressions corresponding to the intermolecular in-plane (b 2 ), out-of-plane (b 1 ), and intermolecular stretch (a 1 ) modes. Partially resolved rotational substructure clearly demonstrates a change in geometry from a linear or near linear Ca-O-C (C 2v ) ground state to a bent (C s ) excited state, with (Ca-O-C)ϭ147°. Bending is expected in 2 2 B 2 ( 2 AЈ) in order to limit steric repulsion between the in-plane Ca ϩ (4p y ) orbitals and the occupied inplane nonbonding n orbital of formaldehyde. The spectroscopic constants and observed geometry changes are in good agreement with ab initio predictions for this band.
Consistent with our previous findings on other Mg ϩ -and Ca ϩ -based hydrocarbon complexes, the chemical bonding interactions in Ca ϩ (H 2 CO) appear much weaker than found in Mg ϩ (H 2 CO). This is evidenced in a Ca ϩ (H 2 CO) spectrum with more resolvable rovibronic structure and a generally smaller geometry change on excitation. We believe the weaker interactions in Ca ϩ -based hydrocarbon complexes result from both energetic and orbital size effects; specifically, the generally larger energy gap between the Ca ϩ 4 p orbital and the relevant hydrocarbon LUMO ͑here the formaldehyde * orbital͒, and the larger, more diffuse nature of the Ca ϩ 4p orbitals which lessens the effective molecular orbital overlap with the hydrocarbon LUMO. In some cases, the relatively larger size of the Ca ϩ 4p orbital may also sterically hinder a close approach to the hydrocarbon due to repulsion from the occupied orbitals of the hydrocarbon.
